The study of heat exchangers with both the hot and cold fluid sides driven by buoyancy forces is an area of considerable interest due to their inherent passivity and non-existence of moving parts. The current study aims to study such heat 
Introduction
Heat exchange devices, also known as heat exchangers are heavily used in the industry and many daily life applications. The heat exchangers may be classified into various categories based on their size, geometry, and complexity.
In the present study, the classification of heat exchangers based on the type of convection occurring on the hot and cold fluid sides is of prime interest. Figure 1 represents the flowchart of the aforementioned classification. Some general observations and characteristics of single-phase Natural Circulation Loops are listed below:
1. The NCL can be of any irregular geometry, but the toroidal and rectangular geometries have been extensively studied because of their simplicity and practical relevance [1] .
2. The heater and cooler orientations influence the transient and steady-state behavior of the NCL [7] .
3. The NCL is a dynamical system, which exhibits chaotic behavior at high power loads [8] . 
Effect of heat transfer on oscillations
of the CNCL is studied.
in the field of NCLs. The domain of interest of the current paper is the heat exchanger wherein both the hot and cold fluid sides are driven by buoyancy forces. A basic Coupled Natural Circulation Loop (CNCL) is an ideal device which can be used to investigate the characteristics of such systems. CNCL is a device that is constructed from two NCLs, which are coupled thermally via a common heat exchanger section. The component NCLs are not hydraulically linked;
hence, the energy transfer between the two NCLs is solely due to thermal coupling at the heat exchanger section.
A considerable amount of literature has been published on the complex CNCL systems such as the PRHRS (both primary and secondary loops driven by buoyancy) but the literature pertaining to basic CNCL systems such as those represented by Fig.2 is limited. Table. 1 represents the literature available on the basic CNCL systems.
Thus to add to the existing literature and provide a link between the NCL and PRHRS systems the following objectives are proposed for the present study: 3. Non-dimensionalize the 1-D model to identify the non-dimensional parameters which determine the CNCL behavior and thus by extension the PRHRS system. 4 . Detailed parametric study of the CNCL system behavior by varying the non-dimensional numbers.
5. Study to determine the effect of heater and cooler configurations on the CNCL system behavior.
6. Study to determine the effect of parallel and counter flow orientations on the CNCL system response.
7. Study to determine the common heat exchanger orientation of a CNCL system w.r.t gravity.
The current study employs Fourier series to convert the Partial Differential Equations (PDE) of the CNCL system to Ordinary Differential Equations (ODE). Hart [10] was first to employ this method to toroidal NCL systems and truncate the terms to obtain the transient dynamics of the system. Davis and Roppo [2] utilized the methodology to model coupled toroidal NCLs and the point coupling was achieved by using the Dirac Delta function. Axial conduction effects were neglected in the models developed.
Bernal and Van Vleck [11] proposed a mathematical model for generic NCL geometry and incorporated the axial conduction effects of the fluid in the model. Fichera and Pagano [8] utilized this method to develop the model of a rectangular NCL with heat flux boundary conditions. They also validated the model against experimental results.
The model of the rectangular NCL was capable of capturing both the steady and chaotic behavior of the NCL system.
Salazar et al. [4] proposed a 1-D steady-state model of a generic CNCL system with non-point contact, but the axial conduction effects were not considered for the study. The existence of multiple steady-state solutions was attributed to the nonlinear convective term of the energy equation. A similar approach is utilized in the current paper to derive the transient PDE of the rectangular basic CNCL system.
The 1-D model developed in the paper incorporates the following effects, making the model more general:
a) The axial conduction of the fluid is considered.
b) The Fourier series is employed to model the geometry and boundary conditions. c) A non-point contact heat exchanger section is modeled.
d) Transient behavior of the system can be computed after truncation of the infinite series.
e) Bend loss effects are introduced in the model, which play a very vital role in the laminar regime.
Transient CFD studies on NCLs in the laminar regime have been conducted by Kudariyawar et al. [12] and Louisos et al [13] . Kudariyawar et al. performed transient CFD simulations using the laminar viscous model and observed that there was a good agreement with the experimental data, the deviation observed in the initial phase of the transient trend may be attributed to the non-consideration of wall thickness. Louisos et al. performed 2D CFD simulations of the toroidal NCL in the laminar regime. The higher Rayleigh number ranges were achieved by modifying the gravity.
It is observed from the literature that the time taken to approach steady state from transience for fluids such as water is of the order of 10 4 s, thus to minimize the time taken to reach steady state and also reduce the computational requirements fictitious fluids were chosen for the present study.
The paper begins with an introduction to the 1-D semi-analytical model of the CNCL, which includes governing equations, initial and boundary conditions and solution methodology. This is followed by a 3-D CFD study of the vertical and horizontal CNCL systems and validation of the 1-D CNCL model for all the CFD cases considered. Mesh and time step independence studies were performed and fictitious fluids were employed to reduce the computational load. The governing equations of the CNCL are non dimensionalized to obtain the non-dimensional numbers which characterize the CNCL system. This is followed by the results section which includes a detailed parametric study of the CNCL employing the non-dimensional numbers. Finally, conclusions are drawn from the study.
Contributions and benefits of the present study
1. It provides an analytical backbone to the study of basic CNCL systems: The current analysis provides an exact solution to the CNCL considered for the present study in terms of Fourier series, but because solving the resulting infinite dimensional system obtained is impractical, a truncated system is used with enough number of nodes to simulate the system dynamics.
2. The 1-D methodology developed can be used to model multiple coupled NCL systems with non-point area contact.
3. The method developed is extremely user-friendly, modifiable and does not require the use of any commercial software.
4. With extensions to the 1-D model developed in the current paper even complex systems may be modeled.
5. The stability analysis of the CNCL systems can be performed.
Mathematical modelling of CNCL system
Salazar et al. [4] were the first to perform a steady state analysis of the CNCL system with a flat plate heat exchanger. The following simplifications were incorporated by Salazar et al. to model the CNCL:
a) The fluids in the primary and secondary loop of the CNCL are assumed to be driven exclusively via natural circulation.
b) The Intermediate Heat Exchanger section of the CNCL is a flat plate heat exchanger.
c) Heat transfer in the heat exchange zone is directly proportional to the local temperature difference between the primary loop and secondary loop.
d) All thermophysical properties are assumed to have a constant magnitude.
e) The Boussinesq hypothesis is employed to model the buoyancy forces.
f) One dimensional NCL momentum and energy equations are used for the study.
g) The axial heat conduction term of the energy equation is disregarded in the analysis performed.
h) Frictional forces are considered to be a linear function of velocity.
The simplifications from (a) to (f) are considered in the present study with the inclusion of the axial heat conduction term and the implementation of a nonlinear function of velocity for the frictional forces. This study extends the analysis by enabling the modeling of the transient behavior of the CNCL system containing different fluids in each of the loops. It is to be noted that employing the −Q on Loop 1 and +Q on Loop 2 at the CNCL common heat exchanger section results in a constant average temperature (w.r.t. time) in both loops thus decoupling the two loops. Hence the heat flux boundary condition cannot be employed at the common heat exchanger section, therefore a convection boundary condition is employed at the common heat exchanger section to model the CNCL system and ensure coupling amongst the constituent NCLs.
Governing equations of the CNCL
The CNCL has two NCLs: Loop 1, Loop 2, which are coupled at the common heat exchanger section. Corners of Loop 1 are denoted using alphabets (A-D) and that of Loop 2 are denoted using alphabets (E-H), as shown in Fig.3 .
To derive the governing equations of the CNCL system, the CNCL is divided into two parts. Thereby Loop 1 and The governing equations of the CNCL can be derived from the simple force and energy balance applied on an infinitesimal 1-D element of the constituent NCLs and using appropriate piecewise functions to represent the complete system.
The governing equations of the CNCL system are:
where, on the fluid elements of Loop 1 and Loop 2, respectively. 'n' represents the number of bends and 'k' represents the bend loss coefficient.
H 1 and H 2 are functions which signify the net amount of power transferred to each of the constituent NCLs: Loop 1 and Loop 2, respectively.
f i (x) is the function which represents the rectangular geometry of both Loop 1 and Loop 2. λ(x) is the function which couples both Loop 1 and Loop 2.
Friction factor correlations
The frictional forces direct the dynamic behavior of the CNCL system; hence, it is pivotal to employ proper correlations to determine their magnitude as the flow develops with time. The current study involves flow in a square duct, thus the suitable friction factors for square duct are utilized. The general Fanning friction factor correlation is given by equation 11. In the laminar regime the magnitude of C=14.23 and d=1 for a square duct [14] .
Bend loss Correlations
The bend loss at the 90
• elbow bends of the CNCL plays a very vital role in the transient evolution of the velocity and temperature distributions in the CNCL system. The bend loss coefficient (K) for the current study is evaluated using the 3K method. Equation (12) provides the expression of the 3K method bend loss correlation which is valid across the laminar, transition and turbulent regime [15] . The values of K 1 ,K ∞ and K d used for elbow bend with R/D h = 1 are 800, 0.14 and 4 respectively and D n represents the hydraulic diameter of the elbow in inches [15] . Figure 4a compares the values of the 3K method prediction with experimental data. We observe that the 3K method provides a decent estimation of the bend loss over a wide range of Reynolds numbers. Figure 4b represents the corresponding error of the 3K method prediction with experimental data. We observe that the maximum error associated with the 3K prediction is roughly ±50%. The experimental bend loss data in laminar regime was taken from the work of Edwards et al. [16] and the data for the turbulent regime was obtained employing the Crawford composite correlation from the work of Crawford et al. [17] .
K (Bend loss coefficient)
K = K 1 Re + K ∞ (1 + K d D 0.3 n )(12)
3.4.
Initial and boundary conditions of the CNCL system
Initial conditions
The initial condition of the CNCL system is represented by the initial conditions of Loop 1 and Loop 2. The initial conditions for the momentum and energy equations of the CNCL system are depicted by equations 13 and 14.
Boundary conditions
is the function which represents the location of the positive heat flux boundary condition of Loop 1.
is the function which represents the location of the negative heat flux boundary condition of Loop 2. 
where,
for all t. In addition α k = α −k , the same applies for all aforementioned complex Fourier coefficients.
Substituting the above expressions in equations (1-4) results in the following set of equations after restricting the number of Fourier nodes to three:
The equations [27-29] and [32-34] are separated into real and imaginary parts, thereby obtaining a set of 16 ordinary differential equations which need to be solved simultaneously to obtain T 1 (x, t) and T 2 (x, t). The Fourier coefficients are plugged into equations [35, 36 ] to obtain temperature distributions in Loop 1 and Loop 2.
Initial conditions of the ODE system
To obtain the transient behavior of the CNCL system we need to integrate the ODEs represented by equations Since the number of nodes is limited to three, we place the nodes equidistantly along the loop and apply the initial conditions mentioned in equations (13) and (14) . This results in a matrix of 4 equations and 4 unknowns for each of the loops, as represented below. 
Solving the matrix equations yields the initial value of the Fourier nodes of Temperature. The solution is α 0 = β 0 = T 0 , whilst the values at all other nodes is zero.
Numerical integration
The set of ODEs obtained by using the Fourier series expansion cannot be solved analytically. Thus to obtain the dynamics of the system we need to use numerical integration techniques such as the Runge-Kutta method which has been employed for the current study using the MATLAB solver 'ode45'.
3-dimensional CFD study of a single phase CNCL system
A detailed CFD investigation of the single-phase CNCL system has been conducted to explore the physics and dynamic characteristics. The main objective of this CFD study is to validate the 1-D CNCL model rigorously and probe its efficacy. The 3-D CFD study has been performed to study the single-phase CNCL system for the set of conditions specified in Table. 2. The developed 1-D model has been validated with the aforementioned CFD cases to display its robustness for use in prediction of the behavior of CNCL system. The CFD investigation of the CNCL system has been done using ANSYS Fluent, which is a commercial finite volume software. The pre-processing, processing and post-processing were performed employing the same software. FF1 and FF2 listed in Table. 2 are the fluids used in this study, the thermophysical properties of which are elaborated in section 4.3.1.
Geometry
The geometry comprises of two parts: Loop 1 and Loop 2 which are coupled at the common heat exchanger section (flat plate heat exchanger). Loop 1 & 2 are square NCLs with a square cross-sectional area. Figure 5 represents the CNCL geometry considered for the study. The 90-degree bends are chamfered to reduce the bend losses encountered by the flow. Apart from the cooling and heating sections, the rest of the loop is completely insulated. The dimensions of the geometry considered for the study are listed in Table. 3. 
Meshing
The ANSYS Design Modeler was used to generate a structured 3-D mesh from the geometry, as shown in Fig.6 .
The Multi-zone method was used along with the body sizing option to generate a hex-dominant high-quality mesh.
Two meshes are considered, one without inflation called as Mesh-A and one with inflation as Mesh-B. 
Case setup
A transient pressure based solver was used to simulate the transient dynamics of the CNCL system considered.
The energy and momentum equation were solved simultaneously on the 3-D grid to obtain the numerical solution at each time step. The laminar flow model was used for the current simulation with the gravity set to 9.81 m/s 2 .
The Boussinesq approximation has been used to model the buoyancy forces. The operating temperature at startup is set to 300 K and the operating pressure is set to 1 atm.
Fluids used for the CFD study
It is observed that the fluids which are normally used, have very low values of thermal diffusivity. This becomes an issue when one tries to numerically solve the coupled momentum and energy equations of buoyancy-driven flows.
The low values of thermal diffusivity impose the selection of an extremely fine mesh and a small time step to get a numerically stable CFD solution. Thus if we employ common fluids such as water, for a given heat input they might require about 50 min to reach the steady state ( [8] ). Besides, the extremely fine mesh and minute time step requirements make the computational process extremely expensive both in terms of memory and in terms of the clock time if we simulate until the fluid reaches a steady state. Since one of the main objectives is to validate the 1-D semi-analytical model developed we employ a fictitious fluid (a fluid with assumed thermophysical properties) for the 3-D CFD simulations to relax the mesh and time step conditions for numerical stability and hasten the time required to reach the steady state. The fluid chosen for simulation must be irrelevant as long as the underlying physics is the same. The thermophysical properties of the fictitious fluids are listed in Table. 4. 
Initial and boundary conditions
At time t = 0 the operating temperature is T 0 and the operating pressure is P 0 . Apart from the heating, cooling and coupled heat exchanging section, the rest of the loop is completely insulated. We apply a constant heat flux Q at the heating section and the corresponding negative value at the cooling section. The coupling that was done in the geometry section results in the formation of a shadow for the coupled wall region. Table. 5 lists the initial and boundary conditions of the CFD system used for the current simulation for all the cases CNCL-(a) to CNCL-(d) mentioned in Table. 2. 
Solver settings and discretization schemes
The PISO scheme was used for pressure-velocity coupling. The least squares cell-based scheme was used for the gradient spatial discretization. A second-order scheme for pressure discretization and second-order upwind scheme for the momentum and energy discretization was used respectively. Default solution controls with residuals of the order 10 −3 were used and the average velocity and temperature were used as parameters for judging the convergence. The velocity field was initialized to zero and the temperature in the entire domain at time t = 0 s was set to 300 K. A fixed time stepping method was used and the number of iterations per time step was set to 200.
Grid independence and time step independence tests
To confirm the reliability of the results obtained, grid and time step independence tests were performed to ensure that the spatial and temporal discretization errors have a minimal impact on the physics of the study. 
CFD results and analysis
This The validation of the CFD methodology is performed by considering an NCL with horizontal heater and cooler sections and having the same geometry as Loop 1 of case CNCL-(a). The CFD simulation is carried out using the same settings and flow models described in section.4. Figure 9 indicates an excellent agreement between the CFD simulations and the previous literature, thus successfully validating the CFD study performed. The experimental data is taken from Borgohain et al. [18] and the correlation proposed by Vijayan [19] for the steady state Reynolds number as a function of Gr m /N g for an NCL is given as :
(37) the definitions of Gr m and N g can be found in [19] .
Steady state velocity and temperature contours
Velocity contours at mid plane and cross sections of Vertical CNCL system CNCL-(a).
Temperature contour at mid plane of Vertical CNCL system CNCL-(a). The velocity and temperature contours at steady state are illustrated in Fig.10 . The velocity of the loop is uniform across the entire domain at the mid-plane except near the bends of the CNCL where the velocity magnitude is relatively lower. This indicates that the 90
• elbow bends have a significant impact on the flow. We also observe that the temperature drop or rise occurs only along the direction of flow, with very little radial variation in the temperature profile. This is mainly due to the high thermal conductivity of the fluid considered for the study.
From the velocity contours of the cross-section of Loop 1 and Loop 2 we observe that the velocity is zero at the walls and gradually becomes higher in magnitude at the center, while the peculiar distribution of velocity observed in cross-section contour of Loop 2 is because of the centrifugal forces acting upon on the fluid at the 90 • smooth elbow bend.
Transient dynamics of the CNCL system
Average velocity and average temperature are utilized as parameters to compare the 3-D CFD case with the 1-D semi-analytical model. These parameters are averaged over the volume of the respective NCLs, which make up the CNCL system. Figure 11 represents the CFD data obtained from the 3-D simulation of the CNCL system for cases CNCL-(a) to CNCL-(d).
From Fig.11 the following observations can be made: the magnitude of overall heat transfer coefficient is larger due to higher magnitude of velocity at the steady state in comparison with the parallel flow case (CNCL-(c)). The cases considered for the CFD study and the initial and boundary conditions used are shown in Table.2 and Table. 5 respectively.
Validation of the 1-D model with the 3-D CFD numerical simulation
An exhaustive 3-D CFD study was performed to properly understand the dynamics and physics of the CNCL system for all the cases mentioned in Table. 2. We shall now employ the CFD results to validate the 1-D semi-analytical model developed. The study conducted in section 5.4 indicates that the magnitude of heat transfer coefficient U for both the horizontal and vertical CNCL system lies in the range: 19,000-29,000 W/m 2 K. The influence of variation of U on the CNCL system is studied and represented by Fig.12a and it indicates that the system dynamics is not greatly influenced by the heat transfer coefficient. Fig.12b indicates that the loop velocity of CNCL system is significantly affected by the variation in bend loss coefficient magnitude. The sensitivity of the CNCL system to the magnitude of the bend loss coefficient is significant when the Reynolds number of the system is lower, as at very low Reynolds number the value of 'K' is much greater than 1. Figure 4b shows that we can expect a ±50% error in 3K prediction, which explains the deviation presented in Table. 6. with ±(2 − 3)% error at steady state for velocity and ±1% error at steady state for average temperature. Figure 13a indicates that during the initial transience of velocity there is a huge deviation, this is because of the low magnitudes of velocity and because of the fully developed flow assumption at time t = 0 s (The transient nature of the friction factor in the developing region is not modeled). Figure 13c represents the comparison of transient velocity behavior of Loop 1 of CNCL-(a) (which corresponds to the case exhibiting maximum deviation during the initial transience behavior presented in Figure 13a ), we can clearly see that there is a good agreement between 3-D CFD data and 1D model prediction.
Non-dimensionalization of the CNCL system
To perform a general study of the CNCL system and identify the non-dimensional numbers which characterize the CNCL system behavior, the system has been non-dimensionalized.
The non-dimensional CNCL system is represented by the following equations:
) and the non-dimensional parameters are defined as follows:
From the above-mentioned equations, we can clearly see that Reynolds number, Grashof number, Fourier number, Stanton number, Co 1 and Co 2 determine the complete CNCL system behavior. A thorough parametric study is undertaken to understand the physics of the CNCL system considering the same fluid within the two loops. Considering same fluid in both loops leads to the following simplification
The simplified governing equations are represented as follows:
Results and Discussion
A detailed parametric study is undertaken to understand the physics of the CNCL system. The CNCL system containing the same fluid in its component loops is considered as it leads to symmetrical behavior of transient velocity 
Comparison of vertical and horizontal CNCL systems

Comparison of counter flow and parallel flow behavior
The HCNCL system with h2c2 heater cooler orientation is the only configuration where both the counter flow and parallel flow at the common heat exchanger section are exhibited just by changing the initial velocity conditions. The From Fig.16 we observe that for the given conditions the steady state θ Avg for counterflow is lower than parallel flow, this is because of the temperature distribution within the fluid at the common heat exchange section for Loop 1 and Loop 2. For both the counterflow and parallel flow conditions we observe from the 'Re vs ζ' plot that for the h2c2 heater cooler configuration, both the heater and cooler are on the horizontal legs (w.r.t gravity) of the HCNCL, thus no flow is initiated until the energy is transferred to the vertical legs. This is the reason we can initialize the flow conditions to attain the parallel flow or counterflow arrangement at the common heat exchange section.
The non-dimensional average temperature for both counter and parallel flow condition increases at the same rate till the flow is initiated. After the flow is initiated by the buoyancy forces, the magnitude of θ Avg begins to drop for both parallel and counter flow condition, thus the case which attains steady state quicker has a higher magnitude of θ Avg . For the parallel flow condition the temperature difference between the hot and cold fluids along the flow direction decreases, but it is nearly constant for the counterflow condition. This implies that the heat transfer along the flow direction for parallel flow condition at the common heat exchange section decreases, while it is nearly constant along the flow direction for counterflow condition. This promotes a faster heat transfer rate for the parallel flow condition compared to the counterflow condition, which results in the parallel flow case attaining the steady state faster. This in turn leads to a larger magnitude of θ Avg and lower value of Re for the parallel flow case compared to the counterflow case. From Fig.17a , we observe that with an increase in Grashof number the flow oscillations increase along with an increase in the steady-state Reynolds number and decrease in θ Avg .
Effect of Grashof number on the CNCL system
The flow in the component loops of the CNCL system is induced by (θ i )f (s)ds, which represents the temperature distribution in the vertical legs (w.r.t gravity) of the CNCL system and determines the magnitude of the buoyancy forces Gr (θ i )f (s)ds .
With the increase in Grashof number, the magnitude of the buoyancy forces increases which push the fluid at a faster rate resulting in higher fluid velocity. The forces resulting from friction and momentum change at the bend act opposite the buoyancy force and try to restrain the fluid motion. Because the fluid is flowing at a faster rate within the loop, this leads to a quicker attainment of a temperature distribution along the loop such that the magnitude of (θ 1 )f (s)ds reduces which in-turn leads to the decrease in buoyancy forces. The decrease in buoyancy forces causes a decrease in the flow velocity and a simultaneous increase in the viscous forces (as it is inversely propotional to Re according to equation-11 ), which further tries to decrease the flow velocity. As the flow velocity drops, the temperature distribution ( (θ 1 )f (s)ds) increases leading to an increase in the buoyancy forces yet again. The process repeats itself till all the forces balance each other, which satisfies the following condition:
This explains the oscillations observed in the 'Re vs ζ' plot. Equation 54 explains why the magnitude of the steady-state Reynolds number increases with Gr. From Fig.18a and Fig.18b we observe that both Re and θ Avg decrease with increase in F o. With the increase in F o, we are effectively increasing the thermal diffusivity of the fluid considered for the study. With an increase in thermal diffusivity the temperature gradient across the entire CNCL system drops which leads to decrease in the buoyancy forces that drive the system. This explains the decrease in magnitude of Re with increasing F o.
The increase in F o can also be due to the increase in magnitude of t 0 which leads to an increase in ∆T . With rise in magnitude of ∆T the magnitude of θ Avg decreases (as per the definition). This explains the decrease in θ Avg with increasing F o.
Effect of aspect ratio on the CNCL system
As of the CNCL is defined as :
To understand the effect of variation of As (0 < As ≤ 1) on the CNCL system, we assume L1 = 1 and 0 < L ≤ 1.
With the increase in the magnitude of As, the height of the VCNCL (L) increases which leads to the following effects:
1. An increase in the volume of fluid which is propelled by buoyancy forces represented by 2. An increase in the length (2x 0 ) of the component loops of the CNCL which results in an increase in Co 1 and
Gr both of which are directly proportional to x 0 . This leads to an increase in the viscous forces Co 1 Re
and buoyancy forces(Gr (θ 1 )f (s)ds). With an increase in x 0 the Fourier number decreases which results in an increase in (θ 1 )f (s)ds that leads to lesser uniformity in temperature across the loop.
3. An overall increase in the volume of the system: 2D
2 h x 0 . This results in an increase in the thermal inertia of the system, causing the system to resist change in θ Avg . This along with the fact that θ Avg ∝ 1 x0 explains the decrease in magnitude with increase in As.
4. An increase in the area of the common heat exchange section of the VCNCL system. This results in an increase in the rate of heat transfer leading to faster attainment of steady state for θ Avg as observed in Fig.19a . 5 . From equation 56 we can infer that although the magnitude of θ Avg decreases the magnitude of buoyancy forces has to be relatively greater than the viscous forces, which results in the increase in Re with increase in As and the rate of drop of slope of Re vs As as observed in Fig.19b can be attributed to the reduction in the rate of increase in buoyancy forces relative to viscous forces.
The As of a system is a complex parameter, as any change in its value effects all the other parameters of the CNCL system. Thus it is difficult to gauge the effect of variation of As on the system behavior.
Effect of Stanton number on the CNCL system
As observed in Fig.20 we notice that varying the magnitude of St does not affect the transient and steady-state behavior significantly at least for the parameters considered for the study. This study corroborates the sensitivity study of the CNCL system considered in Fig.12 . This leads us to conclude that the correlations used to predict the heat transfer need not be very precise to give a decent prediction of the CNCL behavior. St 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000
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Effect of initial conditions on the CNCL system
The initial condition of the CNCL system which can be changed is Re(ζ = 0). From Fig.22 we observe that the transient behavior of the VCNCL system is largely unaffected by the variation in initial conditions. From Fig.22a it is to be noted that any transience associated with is Re(ζ = 0) dies out very quickly and the VCNCL system response remains unaltered. 
Effect of parallel flow vs counter flow arrangement at the heat exchanger section of HCNCL system
The horizontal CNCL system with h2c2 heater cooler configuration is the only condition which can exhibit both counter and parallel flow arrangement at the common heat exchanger section of the CNCL system. This is because for the h2c2 configuration of the HCNCL system all the energy transfer in the CNCL system occurs on the horizontal legs of the component loops. This implies that the buoyancy forces generated at the heat transfer sections does not dictate the flow direction. Thus by choosing appropriate initial flow conditions as described in section 8.2, the parallel flow or counter flow can be induced within the HCNCL system by directing the heated or cooled fluid sections to the vertical legs of the system. Table.7 indicates the ranges in which parametric studies were conducted on the HCNCL system for different nondimensional parameters. The only difference between the parallel flow and counter flow systems is the temperature distribution at the common heat exchanger section of the CNCL system, which leads to a difference in trends observed in Fig.23 . The values of the non-dimensional numbers considered are listed in Table. 7.
Effect of heater cooler configuration on the CNCL system
A transient and steady-state analysis on the effect of the heater and cooler location on the CNCL dynamics of both horizontal and vertical systems is presented. The following observations can be made from Fig.24 : 1. The magnitude of θ Avg for all the heater-cooler configurations at steady state is symmetric about θ Avg (ζ = 0) (which is equal to zero). This implies θ Avg,1,ss /θ Avg,2,ss = 1.
2. The magnitude of Re ss is not equal in the component loops of the VCNCL system for all the heater cooler configurations.
3. where 'i','j' represent the position of the heater and cooler for the 'hicj' configuration.
5. All the heater-cooler configurations of the VCNCL system exhibit counterflow condition at the common heat exchanger section for all stable convective flow cases.
6. h1c1 configuration corresponds to the maximum magnitude of Re ss and θ Avg and the h3c3 configuration corresponds to the minimum values of the same parameters for the vertical CNCL system respectively. For the study of heater cooler configuration of the HCNCL system, all configurations apart from h2c2 are studied.
The h2c2 configuration of the HCNCL system is peculiar as it exhibits both parallel and counter flow depending on the initial conditions.
The following observations can be made from Fig.25: 1. The magnitude of θ Avg for all the heater-cooler configurations at steady state is symmetric about θ Avg (ζ = 0), which is equal to zero. This implies θ Avg,1,ss /θ Avg,2,ss = 1.
2. The HCNCL systems shifts between the parallel flow and counter flow configuration depending on the heater cooler location on the HCNCL system. 5. From table.9 we also observe that :
where 'i','j' represent the position of the heater and cooler for the 'hicj' configuration. Figure 25: Effect of heater cooler orientation on the Horizontal CNCL system for Gr=10 6 , F o=1, As=1, St=100, Co1=1000. 
where 'i','j' represent the position of the heater and cooler for the 'hicj' configuration.
4. The vertical CNCL always exhibits counterflow arrangement at the common heat exchanger section for all the heater and cooler configurations, but the horizontal CNCL shuffles between the counter and parallel flow depending on the heater-cooler configuration for stable convective flows.
5. The horizontal CNCL with h2c2 heater cooler configuration is the only CNCL system which can exhibit both counter and parallel flow condition at the common heat exchanger section by setting the appropriate initial flow conditions.
6. The CNCL system seems to be very mildly sensitive to the variation in Stanton number, implying that even an un-precise heat transfer correlation can be considered to model the coupling with reasonable accuracy.
7. The limitation of the current modeling approach is that it does not take the wall effects into consideration.
This may lead to deviation in the transient prediction, but by modifying the Stanton number to incorporate the conjugate, accurate steady state results can be obtained.
8. The study of chaotic CNCL systems is not considered in the present study and will be part of the future work. 
